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Tritium Adsorption and Absorption on (100) and (001) Surfaces of 
Pure and Tin Defective Zirconium 
Morgan Redingtona,b, Hari P. Paudela,c, De Nyago Tafena,d, Daniel P. Millere, Eva Zurekb, and Yuhua 
Duana,*

Zirconium alloys such as Zircaloy-4 are used as tritium (T) getter materials in tritium-producing burnable absorber rods 
(TPBARs) due to their ability to capture T, thereby forming metal hydrides. Developing an understanding of T adsorption 
onto Zircaloy prior to diffusion into the subsurface is relevant for rational tritium getter and TPBAR design, to improve 
material properties for nuclear applications. Herein, density functional theory calculations revealed the preferred binding 
sites for T adsorption on Zr(001) and Zr(100). The energy barriers of T transfer, along the surface and from the surface to 
the subsurface were computed. The adsorption properties of Zr(001) were found to be superior to those of Zr(100). Surface 
tin impurities were found to strongly repel T. The presence of subsurface and surface tin resulted in higher absorption energy 
barriers for both the forward and reverse processes. Based on the calculated energy barriers, a surface to surface T diffusion 
coefficient of 9.53 x 10-10 m2s-1 is expected for pristine Zr(001). A surface to subsurface T diffusion coefficient on the order 
of 10-13 m2s-1 is predicted in pristine Zr, decreasing to 10-19 m2s-1 for the transfer with a subsurface tin impurity. 

Introduction

Zirconium (Zr) alloys, such as zircaloy-4, are materials utilized 
for their ability to capture hydrogen species and their isotopes, 
such as tritium (T), which chemisorb to them thereby forming 
metal hydrides.1-3 These metal hydrides can then be treated to 
release the stored T, allowing it to be used in nuclear 
technologies. This process can be found in the operation of 
tritium-producing burnable absorber rods (TPBARs) in 
pressurized-water reactors. TPBARs utilize ceramic pellets of 
6LiAlO2, or other compounds containing 6Li, which is then 
irradiated in a commercial power reactor with a large core by 
neutrons. As neutron is highly energetic, the combination of 
heat and radiation often damage all components of TPBARs as 
a result of exposure, diminishing their desired properties.4, 5 
Zirconium, however, is resistant damaged by neutron, due to 
having a low absorption cross-section, making it an ideal 
candidate for this extreme environment. The reaction of 6Li and 
a neutron produces 4He and T (6Li + n  4He + T). The T then 
diffuses to the Zircaloy-4 getter, passing through a Ni coating, 
which reduces corrosion, and forms zirconium hydride (ZrTx) for 
further extracting T2.6-9 In addition, T2 also interacts with the 
oxide layer that forms on the zircaloy liner. The reactive metal 
like Zr usually interacts chemically with the water forming a 
layer of OH- species on surfaces. 

We have systematically investigated known T breeder 
compounds γ-LiAlO2, Li2TiO3, and Li2ZrO3 in previous density 
functional theory (DFT) studies. The formation of T and its 
subsequent diffusion, as well as the impact of defects on these 
processes, has been thoroughly studied under operational 
conditions.2, 3, 10-12 However, theoretical studies have yet to 
explore the surface interactions on Zr, while experiments are 
scarce due to the limited access to T and the resolution of 
experimental methods. In the TPBAR, liners reduce T2O and T2 
released after the reduction is captured by getters. In presence 
of T2O, oxidation of the liner’s surfaces at low water partial 
pressure improves overall TPBAR performance for the T 
release.13 There is still a lack of insight on the interaction of T2O 
with the pure and oxidized liner surfaces that facilitates the 
nascent uptake of T during the oxidation. These facts represent 
gaps in our understanding, as TPBARs contain multiple layered 
components and possess several key interfaces between these 
materials, leading to the creation of surfaces between the Zr 
and other materials.14, 15 To enhance our understanding of T 
behavior at all steps of the tritium production and capturing 
process, the Zr surface chemistry must be explored. Surfaces 
often possess unique properties when compared to the bulk 
materials, such as the ability to bind molecules and catalyze 
processes.16 The process of binding molecules to the surface is 
known as adsorption. To date the adsorption of T on the T-
getter Zircaloy-4, which contains 1.2-1.7 % tin to hinder 
corrosion, is not well understood.17, 18 Rectifying this requires 
study of the basal (001) plane of Zr, as well as the prism (100) 
plane, the most energetically favored surfaces of Zr, and those 
most involved in slip deformations.19, 20 Furthermore, as the Sn 
alloying of Zircaloy-4 results in Sn defects, the impact of Sn upon 
T adsorption should also be elucidated. Adsorption of T is the 
first step in the formation of ZrTx, and crucial to the recovery of 
T. The process by which molecules or atoms move into the bulk 
of a material from the surface is known as absorption. This 
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process is the second step in the formation of ZrTx, however the 
energy barriers and impact of defects on the absorption of T 
from the surface into the bulk are unknown. Previous studies 
posit that T diffusion in the bulk Zr is higher in the “c” 
crystallographic direction of the lattice than in the “a” direction 
due to the hexagonal space group of Zr. However, none of these 
studies have investigated the movement of T into the bulk along 
different Zr surfaces.1

Herein, we provide the results of DFT calculations of the T 
adsorption energies, and activation barriers for inter-site 
diffusion for surface-surface and surface-subsurface transfers 
on pure Zr and Sn-doped (less than 2%) Zr. We find that 
adsorption is more favorable on the basal Zr(001) surface. Sn 
impurities were found to lead to the repulsion of T atoms on the 
surface. Transport pathways from the surface into the bulk 
were found to be lower for Zr(001) than Zr(100). The presence 
of Sn impurities on absorption from the surface into the 
subsurface increased the energy barriers and hindered 
absorption.

Computational Details
All calculations were performed using the Vienna Ab Initio 
Simulation Package (VASP).21, 22 The projector augmented wave 
(PAW) method was employed with the vdW-DF-optPBE density 
functional, which accounts for dispersion forces through a 
nonlocal correlation functional.23, 24 It is important to include 
dispersion forces for computing adsorption energetics and 
structures at a metallic surface, making vdW-DF-optPBE an 
appropriate choice of functional in this study.25-29 We utilized 
plane wave basis sets with a cutoff energy of 520 eV in 
conjunction with the PAW method. The T 1s1, Zr 5s24d25p0, and 
Sn 5s25p2 electrons were treated explicitly in all calculations. 
The k-meshes were generated using the Γ-centered Monkhorst-
Pack scheme, and the number of divisions along each reciprocal 
lattice vector was chosen such that the product of this number 
with the real lattice constant was 36 Å, corresponding to a 3 x 3 
x 1 k-mesh.30 The climbing-image nudged elastic band (cNEB) 
approach was used to calculate the transport barriers of T on 
the surfaces and in bulk Zr.31-33 All initial and final images were 
optimized prior to the cNEB calculations. All transition states 
discovered were optimized and then used as the initial or final 
image for an additional cNEB calculation, ensuring the validity 
of the intermediate states. Only substitutional Sn defects were 
considered.34 As in previous studies, the mass in the PAW 
POTCAR for 1H was modified for the treatment of T.12 This 
resulted in no changes to the electronic energy, as shown in the 
supporting information (Table S1). Calculations on Zr(001) 

utilized a slab of 100 atoms (a 5 x 5 x 2 supercell), corresponding 
to four layers of 25 atoms, while calculations on Zr(100) utilized 
a slab of 90 atoms (a 5 x 3 x 3 supercell), corresponding to six 
layers of 15 atoms. Zirconium surfaces were generated by 
performing geometry optimizations on experimentally refined 
structures.35, 36 Each surface system was given a vacuum space 
of 20.0 Å along the z-axis to prevent interaction with the 
neighboring images. For the Zr(001) surface, the top two layers 
were allowed to fully relax during calculations with T, and for 
Zr(100) the top three layers were allowed to fully relax while the 
remaining layers were fixed to their bulk calculated lattice 
constants, which were within < 1% of experimental lattice 
constants.35, 36 The convergence of the slab energies based off 
of the number of total and frozen layers are provided in the 
supporting information (Figures S1-S4 in section S2 and S3).

Results and Discussion

Determining the Binding Sites 

To investigate where T adsorbs on the surface, the possible binding 
locations, visualized in Figure 1, on Zr(001) and Zr(100) and their 
respective energies were determined. The binding energy, Ebind, was 
calculated according to Equation 1 (Table 1), where Eslab+T represents 
the total energy of the system with T, Eslab represents the slab energy, 
and 𝐸𝑇2 represents the energy of the T2 dimer. 

𝐸𝑏𝑖𝑛𝑑 = 𝐸𝑠𝑙𝑎𝑏+𝑇 ―  𝐸𝑠𝑙𝑎𝑏 ―  0.5𝐸𝑇2 . (1)
On Zr(001) both of the hollow, hexagonal close-packed (HCP) and 
face-centered cubic (FCC) are the most favorable binding sites, being 
nearly isoenergetic. Slightly higher in energy is the bridge site, 
however the binding interaction at this site is still favorable. The top 
site was found to have a positive binding energy, indicating that 
tritium adsorption to this site would not be favorable. The reason for 
this is that the Zr interacting with T rises out of the surface plane, 
which weakens its interactions with the neighboring Zr atoms, 
leading to a net unfavorable energy. 
On Zr(100), T can bind at upper bridge, lower bridge, and step sites; 
while all Zr(100) sites have favorable binding energies, adsorption to 
the step site is preferred over either the upper or lower bridge sites. 
The step site can be interpreted as sitting in a hollow site with a plane 
corresponding to the Miller indices of (1.5,0,-1) in 𝛼-Zr. Both bridge 
sites for Zr(100) are close in energy, but in the upper bridge site the 
hydrogen interacts solely with the topmost termination layer, while 
in the lower bridge site the hydrogen interacts with both the 
uppermost and second termination layers (Figure 1). These 
additional interactions lead to an increased perturbation of Zr atoms, 
failing to offset the energy gained by additional Zr--H interactions, 
resulting in a higher energy. 

Table 1. Calculated binding energies for T on Zr(001) and Zr(100) surface sites (Figure 1). A positive value of charge transfer indicates 
charge transfer from the surface to the T. 

Surface (001) (001) (001) (001) (100) (100) (100)
Binding Site Top Bridge HCP FCC Upper Bridge Lower Bridge Step

Ebind (eV) 0.26 -0.74 -1.01 -0.99 -0.80 -0.77 -0.95
Charge Transfer (e-) 0.52 0.62 0.64 0.64 0.59 0.66 0.63

For both the Zr (001) and Zr(100) surfaces, multiple binding sites 
with negative adsorption energies were discovered. If the 

barriers between these sites are sufficiently small, T could 
readily transfer between them. This is of particular importance 
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for transport from the surface to the subsurface, where the 
energy barrier to enter the subsurface could be affected by the 
binding site. Therefore, the energy barriers between the stable 
binding sites on the Zr surfaces were investigated for studies of 
the surface transport. For Zr(001), T movement from an FCC to 
HCP site was found to have an energy barrier of 0.27 eV (Figure 
2). This FCC to HCP transfer moves the T through a bridge site, 
and the barrier to reach the bridge site is identical to the relative 
energy between the HCP and bridge sites of 0.27 eV. This 
suggests that T in the bridge site on the Zr(001) surface is a local 
maxima. Further supporting this is the observation that the T 
movement away from a bridge site to either a FCC or HCP site 
was found to be strictly downhill.

Figure 1. Binding sites for T on Zr(001) (a) and Zr(100) (b). T is 
represented by the small gray sphere, while Zr is colored green.

Figure 2. (a) Minimum energy pathway for the transfer of T on 
Zr(001) from (b) a FCC site through a (c) bridge site 
(approximate transition state) to (d) an HCP site.

For the Zr(100) surface, the transfer profile of T moving from an 
upper bridge site to a lower bridge site, passing through a step 
site was calculated (Figure 3). While both bridge sites are higher 
in energy than the step site, the barrier to reach the upper and 
lower bridge sites from the step site was calculated as being 
0.15 eV and 0.45 eV, respectively. A transfer from a step site to 
a step site, passing through a lower bridge intermediate, was 
found to have an energy barrier of 0.45 eV (Figure 4), a barrier 
in agreement with the upper bridge to lower bridge transfer 
profile (Figure 3).

Figure 3. (a) Minimum energy pathway for the transfer of T on 
Zr(100) from (b) an upper bridge (transfer coordinate 1 in (a)) 
site through a (c) step site (transfer coordinate 5 in (a)) to (d) a 
lower bridge site (transfer coordinate 13 in (a)).

The binding of T2 molecules to the Zr surfaces was also 
investigated, to determine if different binding sites would be 
favored. The dissociation of T2 molecules on Zr surfaces is 
known to be a spontaneous process, prompting its investigation 
as a measure of computational accuracy. Geometry relaxations 
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were performed with T2 molecules adsorbed in a side-on 
geometry to the possible binding sites. Side-on geometries 
were considered due to the known ability of transition metals, 
and their complexes, to bind H2.37 This process occurs due to H2 

donating 𝜎 electrons to a vacant d-orbital.38 At least two 
different rotational orientations of the T2 molecule were 
considered at each site to determine if the orientation had an 

effect on the binding energy. During the structural relaxation 
the dihydrogen molecules typically dissociated. To compare the 
simultaneous binding of the resulting two T atoms after 
dissociation from T2, the binding energies (Ebind) were calculated 
according to the equation, 

𝐸𝑏𝑖𝑛𝑑 = 𝐸𝑠𝑙𝑎𝑏+2𝑇 ―  𝐸𝑠𝑙𝑎𝑏 ―  𝐸𝑇2 (2)

Table 2. Calculated binding energies for T2 on Zr(001) and Zr(100) surface site. In some cases the optimized geometry resulted in 
a dissociation of the dihydrogen molecule, whereas in other cases the dimer remained intact. A single listed site means that 
dissociation of T2 was not observed (*), while two listed sites indicate dissociation of T2 into two separate T atoms (**).

Surface (001)* (001)* (001)** (001)** (100)* (100)** (100)**

Binding Site(s) Top FCC Bridge, HCP 2x HCP Top 2x Upper Bridge 2x Lower Bridge 

Ebind (eV) 0.14 0.14 -1.71 -2.03 -0.06 -1.79 -1.10

Figure 4. (a) Minimum energy pathway for the transfer of T on 
Zr(100) from (b) a step site (transfer coordinate 1 in (a)) passing 
through (c) a lower bridge intermediate (transfer coordinate 5 
in (a)) to (d) a step site (transfer coordinate 9 in (a)).

Table 2 shows the calculated binding energies for T2 on both 
Zr(001) and Zr(100). On Zr(001), T2 generally dissociated when 
placed at HCP, FCC, and bridge sites, but remained as T2 when 
placed on a top site. Calculations indicated that this process is 
sensitive to the tilt of the T2 atom; when a tilt of 30˚ was applied 
(lifting one of the T atoms up from the surface plane), a T2 

molecule on an FCC site failed to dissociate. On Zr(100), T2 
dissociated when placed at non-top sites to form two T’s on 

bridging sites. The binding energies obtained from the T2 
dissociation studies are similar to those obtained from the T 
binding studies, taking the binding site and number of T’s bound 
into consideration. It is worth noting that the calculations 
performed take place with minimal T coverage, and neglect 
temperature. In real systems, we expect both a larger coverage 
and thermal effects, which may have an impact on the binding 
energies or lead to T---T interactions on the surface.
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Figure 5. (a) Surface repulsion of T by Sn from (b) an HCP site 
(transfer coordinate 1) through (c) a bridge site to (d) an FCC 
site (transfer coordinate 5) on Zr(001).

Sn Defects on the Zr Surface

Zircaloy-4 alloy consists almost entirely of Zr but contains 1.2-
1.7% Sn.39 Studies suggest that it is adequate to model Zircaloy-
4 using pure Zr, however the effect of impurities has so far been 
omitted.40 However, with large systems, such as our Zr(001) and 
(100) surfaces, which contain 100 and 90 atoms, respectively, 
the impurities can be explicitly modeled. By introducing a 
substitutional defect, where one Zr atom is replaced with a Sn 
atom, we obtain Sn percentages of 1.00% and 1.11%, 
respectively, in good accordance with the composition of 
Zircaloy-4.39 Sn defects were introduced to the Zr surfaces, at 
selected surface or subsurface sites, to investigate the impact 
of Sn on T binding and absorption energy. 

To better understand the effect of Sn on the interaction of T 
with the surface, geometry optimizations were performed for 
each binding site on the Zr(001) and Zr(100) surface with a Sn 
substitutional defect in a first nearest neighbor (1NN) position 
to the T. For the Zr(001) surface, when T was relaxed in the 
presence of a 1NN Sn, a repulsive effect was observed. This 
process is illustrated in Figure 5, which shows the T steadily 
moving further away from the Sn in a strictly downhill process. 
Both FCC and HCP T’s, when their 1NN was Sn, would migrate 
from their site to the next nearest hollow site, out of interaction 
range with Sn. In contrast, T would relax to a top site (on a Sn 
atom) and a bridge site (adjacent to a Sn atom), however 
neither of these sites were calculated to have stable binding 
energies. On the Zr(001) surface, we can compare the binding 

energies of -0.74 eV (bridge site, pure Zr in Table 1) to 0.24 eV 
(bridge site, Sn defect), and the value of 0.26 eV (top site, pure 
Zr in Table 1) to 1.01 eV (top site, Sn defect) to see significant 
increases in energy caused by the presence of an Sn atom. On 
the Zr(100) surface, similar effects were observed with regards 
to the presence of Sn on the T binding, with numerical values 
provided in Table 3. When T occupies an upper bridge site in the 
presence of Sn, the binding becomes unfavorable. Furthermore, 
when T is relaxed in the presence of Sn in a lower bridge site, 
the T migrates to a step site to minimize Sn interactions. The 
reverse of this process occurs when T is relaxed in the presence 
of Sn on a step site. The presence of Sn alone causes T to 
transfer sites on the surface, and no sites where T and Sn 
interact favor binding, indicating strong repulsive behavior 
between Sn and T. These examples of the repulsive effect of Sn 
on T binding and diffusion are in agreement with published 
findings.15, 40, 41

The effect of Sn defects on T2 was also investigated to 
determine the impact on binding and dissociation. Similar to 
that of T interacting with Sn on the surface, it was found that Sn 
was repulsive to T2 with the exception of the FCC site on Zr 
(001), as seen for the investigated sites in Table 4. In the case of 
the FCC site on Zr (001), while one of the T atoms did bind in an 
FCC site on Sn, the total binding energy of the system (-1.04 eV) 
becomes less favourable by 0.96 eV compared to the binding 
energy of the same sites on the pure Zr system (HCP: -1.01 eV, 
FCC: -0.99 eV, total: -2.00 eV). This further supports the 
instability of T on the Sn sites. However, one interesting 
outcome is an increased stability of T2 after being repulsed by 
Sn, as compared to the dissociation of T2 observed for the 
majority of sites on the pure Zr surfaces (see Table 2).

Table 3. Results of calculations where the position of T was relaxed in the presence of Sn on Zr surfaces. Binding energies are 
omitted for systems where the Sn repulsed the T to a different binding site.

Surface (001) (001) (001) (001) (100) (100) (100)
Initial Site Top Bridge HCP FCC Upper Bridge Lower Bridge Step
Final Site Top Bridge FCC HCP Upper Bridge Step Lower Bridge
Final Site on Sn? Yes Yes No No Yes No No
Ebind (eV) 1.01 0.24 -- -- 0.22 -- --

Table 4. Results of calculations where the position of T2 was relaxed in the presence of Sn on Zr surfaces, with Sn as the first nearest 
neighbor. Binding energies are omitted for systems where the Sn repulsed the T2 to a different binding site.

Surface (001) (001) (001) (001) (001) (100) (100) (100)
Initial Site Top Bridge (T2 

parallel)
Bridge (T2 
perpendicular)

HCP FCC Upper 
Bridge

Lower Bridge Step 

Final Site Top Top HCP 
FCC

Top HCP (off Sn)
FCC (on Sn)

Top Upper Bridge
Upper Bridge

Lower 
Bridge

Dissociated? No No Yes No Yes No Yes No
Final Site(s) on Sn? No No No No FCC No No No
Ebind (eV) -- -- -- -- -1.04 -- -- --

Surface to Subsurface Transfer

While the diffusion of T through zirconium bulk has been 
previously studied, the effect of surfaces on this process is so 
far unexplored.15, 41 Several possible pathways exist for the 
transfer of T from the surface to the bulk of Zr(001); herein we 
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considered the transfer from an FCC site on the surface to an 
octahedral site in the bulk. The barrier for this process was 
computed to be 0.70 eV, and shortly after overcoming this 
barrier along the pathway, the T encounters a local minimum 
(Figure 6, coordinate 5). The highly irradiated environment to 
which the TPBARs are subject provides a substantial amount of 
energy, which makes it plausible that a barrier of this height 
could be readily overcome. Additionally, this surface to bulk 
transfer process is supported by the latent pressure applied to 
the getter from T gas produced by the irradiation process, 
leading to T permeating the Zr.42 From this local minimum, an 
energy barrier of 0.53 eV must be overcome to reach the bulk 
octahedral site (coordinate 9), contrasted by an energy barrier 
of 0.10 eV to return to the surface (coordinate 1). The reverse 
transfer process, from the bulk octahedral site (coordinate 9) to 
the subsurface octahedral site (coordinate 5) has an energy 
barrier of 0.61 eV, which is in agreement with results obtained 
in previous calculations on the octahedral-octahedral diffusion 
of T in bulk Zr.3, 15, 41 

Figure 6. (a) Minimum energy pathway for the transfer of T on 
Zr(001) from (b) a FCC site on the surface (transfer coordinate 
1) to (c) a subsurface octahedral site (transfer coordinate 5) and 
then to (d) a bulk octahedral site (transfer coordinate 9).

There are several possible paths through which T could diffuse 
into Zr(100). In this study, paths starting at a step site and then 
moving into the subsurface were considered as the most 
promising candidates, due to the step site possessing the most 
stable binding energy on the Zr(100) surface. An overview of 
one such proposed process is shown below in Figure 7. The 
energy rises steeply during the course of the transfer process, 
having to overcome an energy penalty of 1.11 eV to reach the 
tetrahedral site. Additionally, the reverse transfer barriers, from 
transfer coordinates 6 to 5 and 11 to 10, are < 20 meV, which 
would correspond to enough energy being present for the 
reverse transfer at room temperature. The substantial increase 
in energy during this transfer is largely due to the Zr atom above 
T moving in the a-axis direction, away from the bulk, to 
accommodate T moving into the bulk. Geometries where T had 
a direct path to the surface, without being physically blocked by 
a Zr, resulted in the T returning to the surface during the 
optimization process, as opposed to remaining in the 
subsurface. However, geometries where the T was blocked by a 
Zr atom showed significant distortion coupled with a substantial 
increase in energy. It is likely that other pathways exist for this 
process, but alternative paths have not yet been considered 
herein.
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Figure 7. (a) Energy profile for the transfer of 3H on Zr(100) from 
(b) a step site on the surface (transfer coordinate 1) through (c) 
a position just below the surface to (d) a subsurface tetrahedral 
site (transfer coordinate 6).

Surface to Subsurface Transfer with Impurities

The effect of Sn impurities on the T absorption process was 
investigated for Zr(001), as the surface to subsurface to bulk 
transfer of T was found to be more favorable for Zr(001) than 
for Zr(100). When Sn is on the surface, the surface to subsurface 
transfer energy barrier to an octahedral site was calculated to 
be 0.77 eV as shown in Figure 8, an increase of 0.07 eV from the 
same process on a pristine surface. Interestingly, the 
approximate transition state for this process appears not at the 
midpoint of the distance travelled by the T, but instead 
somewhat afterwards, due to the energy penalty imposed by 
the Sn. The energy barrier for the reverse transfer is calculated 
to be 0.09 eV, within 0.01 eV of the reverse transfer process for 
the pristine surface. While these similar energies for the pristine 
and impure systems speak to the similar transfer processes 
occurring, it must be noted that this process is significantly less 
likely to occur in the presence of Sn, as the T will spontaneously 

transfer on the surface to a hollow site without Sn interactions, 

making this pathway more difficult to access. 

Figure 8. (a) Minimum energy pathway for the transfer of T on 
Zr(001) from (b) a FCC Sn site on the surface (transfer 
coordinate 1) through the (c) surface layer to (d) a subsurface 
octahedral site (transfer coordinate 5).

For the transfer process when the Sn is located in the 
subsurface, the T atom must overcome the repulsive effect of 
Sn to reach the octahedral site. This results in a significantly 
higher energy barrier, seen in Figure 9, of 1.47 eV, almost 
double the energy barrier for the same transfer with Sn on the 
surface. However, if this barrier is overcome, we observe a 
significant barrier for the reverse transfer at 0.83 eV. This 
barrier for the reverse reaction is the largest calculated for the 
reverse transfer processes in this study, indicating that the Sn 
can assist in energetically “trapping” T within the bulk. 
Furthermore, this indicates that if T is in this site, transferring to 
a site further from the Sn, but not towards the surface, is 
energetically favored.3, 15, 41 When we measure the distance that 
T is from the surface atom layer for the system with Sn on the 
surface (Figure 8), we see that the T sits 1.39 Å below the 
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surface. However, for the system with Sn in the subsurface 
(Figure 9), the T sits 0.92 Å below the surface. Each of these 
distances correspond to the T being repulsed by Sn, either 
towards the bulk or towards the surface, respectively (cf. 
Figures 8d and 9d). 

Diffusion coefficient

The likelihood of a T to transfer between sites, corresponding to 
the diffusion coefficient, cannot be determined solely based on 
the energy barriers, as the effect of temperature is excluded in 
the calculations of the approximate barriers. In an energetic 
environment, such as the one found during the irradiation 
process of TPBARs, radiation and temperature provide 
additional energy to overcome sizable transfer barriers. The 
likelihood of a T transfer to occur, and the diffusivity of T on the 
surface can be modeled using the Einstein−Smoluchowski 
relation.43 The diffusion coefficient, D, is expressed as

𝐷 = 𝑎2

𝑐𝜏  (3)

where a is the average distance between jumps, 𝜏 is the average 
time between jumps, and c is a value corresponding to the 
translational degrees of freedom, being 2 in 1-D, 4 in 2-D, and 6 
(our selected value) in 3-D. By expressing D in terms of the 
transfer barrier, ET, and vacancy formation energy, QV, we 
obtain equation 4, where R0 is the attempt frequency and z the 
coordination number, being 3 for the surface hollow sites and 6 
for the bulk octahedral sites:

𝐷 ≈  𝑎2

6
𝑅0𝑧𝑒―(𝐸𝑇+𝑄𝑉)/𝑘𝐵𝑇 . (4)

The attempt frequency R0 is the vibrational frequency of the 
adsorbed or absorbed molecule, herein T, and is generally of the 
order of 1013 s-1. The probability of a transfer can be obtained 
from the time between transfers, 𝜏 , estimated through 
equation 5:

𝜏 ≈  1
𝑅0𝑧

𝑒(𝐸𝑇+𝑄𝑉)/𝑘𝐵𝑇 . (5)

Both on the surface of Zr and within the bulk, vacancies are 
available for T to transfer to, ergo these vacancies do not 
require energy to form, yielding QV = 0. This assumption is easily 
justified on the surface, as the number of available hollow sites 
far exceed the number of T atoms. For the bulk Zr, we can 
consider a system where there are Nv vacancies distributed 
throughout the crystal. The increase in entropy (∂𝑆) added per 
vacancy in the crystal (∂𝑆𝑚𝑖𝑥/∂𝑁𝑣) caused by the creation of 
vacancies after mixing is proportional to −ln(Nν/(1 − Nν)). As Nv 
approaches 0, the change in entropy approaches infinity, ∂𝑆𝑚𝑖𝑥
/∂𝑁𝑣 → ∞, indicating a system in a state of non-equilibrium. 
Therefore, the thermodynamic equilibrium Zr crystal system 
must have a non-zero concentration of vacancies. While this 
assumption can be broadly extrapolated to other systems, this 
assumption is supported even more so for systems being 
subject to intense irradiation where neutron bombardment and 
knock-on atoms serve to further increase the population of 
vacancies.

Figure 9. (a) Minimum energy pathway for the transfer of T on 
Zr(001) from (b) a FCC site on the surface (transfer coordinate 
1) through (c) the surface layer to (d) a subsurface Sn octahedral 
site (transfer coordinate 5).

The diffusion coefficients for T transfer along the Zr surface 
were calculated at several temperatures, shown in Figure 10, 
corresponding to TPBAR operating conditions. For the Zr(001) 
surface, D was calculated for transfers from HCP-FCC sites. The 
diffusion coefficient was found to be 9.53 x 10-10 m2s-1 at 600 K, 
decreasing to 5.14 x 10-12 m2s-1 at 300 K. For the Zr(100) surface, 
calculated values of 1.30 x 10-10 m2s-1 and 3.17 x 10-14 m2s-1 were 
found for the diffusion coefficient with regards to the step-step 
site transfer at 600 and 300 K, respectively. The calculated 
diffusion coefficients suggest that T transfer is more facile on 
Zr(001) than Zr(100), corresponding to the respective calculated 
energy barriers to T transfer on the surfaces. Even more facile 
than the Zr(001) hollow site T transfer is T transfer in the bulk, 
with the minimum bulk transfer barrier being 0.23 eV, 
corresponding to a tetrahedral-tetrahedral transfer and a 
diffusion coefficient of 2.49 x 10-8 m2s-1 at 600 K.37 This suggests 
that T transfer, while still occurring on the surface, is two orders 
of magnitude more mobile in the bulk of Zr.

The diffusion coefficients for T transfer from the surface to the 
subsurface were also calculated with and without the presence 
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of Sn impurities on the Zr(001) surface. T transfer from the 
surface to the subsurface in a pristine Zr crystal was found to 
have a diffusion coefficient of 5.14 x 10-13 m2s-1 at 600 K and 
6.78 x 10-19 m2s-1 at 300 K. This rate is smaller than the surface-
surface transfer, but still occurs, albeit with a value of D 
lessened by 4 orders of magnitude. When Sn is on the surface, 
this rate is found to drop to 1.58 x 10-13 m2s-1 at 600 K, and 
diminishes to 5.39 x 10-20 m2s-1 at 300 K. The presence of Sn 
alone causes a three-fold drop in diffusivity at 600 K. When 
compared to a subsurface Sn impurity, the diffusion coefficient 
drops precipitously to 1.45 x 10-19 m2s-1, and then lower again 
to 6.54 x 10-32 m2s-1 at 600 and 300 K, respectively. The repulsive 
nature of Sn is clearly demonstrated through the significantly 
reduced diffusivities compared to the defect-free system, listed 
in Table 5. 
The diffusion coefficients given previously apply for the 
absorption processes of T on Zr. While absorption is the process 
of interest during irradiation, the subsurface to surface transfer 
process (StSTP) is relevant for the extraction and recovery of the 
stored T in the Zr. The StSTP can be viewed as the reverse 
transfer of the absorbative transfer. Thus, the transfer barriers 
for the StSTP can be obtained from the adsorption process, by 
using the reverse barrier, and corresponding diffusion 
coefficients can be calculated. Calculated diffusion coefficients 
for the StSTP at different temperatures are shown in Figure 11. 
The subsurface-surface transfer process on the pristine surface 
has a barrier of 0.10 eV (Figure 6a), markedly similar to the 

subsurface-surface Sn transfer process with a barrier of 0.09 eV 
(Figure 8a), resulting in diffusion coefficients of 5.64 x 10-8 m2s-

1 and 8.16 x 10-8 m2s-1 at 600 K, respectively. These diffusion 
coefficients are much larger than that for the transfer of T from 
a subsurface site with Sn to the pure surface, which has a value 
of 3.46 x 10-14 m2s-1 at 600 K. These StSTPs produce larger 
diffusion coefficients than the absorptive processes, due to 
having smaller energy barriers. Furthermore, the diffusion 
coefficients are larger for the StSTP transfers, for pure Zr and 
the surface Sn impurity system, than for transfers occurring in 
the bulk system. It is worth noting that the presence of Sn on 
the surface appears to do little to hamper the StSTP, and in fact 
enhances it slightly. In contrast to this, when Sn is present as a 
subsurface impurity, the diffusion coefficient greatly 
diminishes. For the subsurface Sn – surface T transfer, the 
absorption transfer barrier is greater than the barrier for the 
StSTP, in line with the other calculated StSTPs. This subsurface 
Sn – surface T transfer, with an energy barrier of 0.83 eV (Figure 
9a), must overcome a larger energy than the bulk tetrahedral – 
tetrahedral transfer with one Sn impurity (0.60 eV, Figure 6 in 
ref. 37), indicating that the subsurface to surface transfer is less 
favorable than transferring to a different site in the bulk in the 
presence of Sn.41 For all transfers investigated, the StSTP was 
found to be more energetically favorable and have a larger 
diffusion coefficient than the corresponding absorption 
process.

Figure 10. Calculated diffusion coefficients for the surface-surface and surface-subsurface transfer processes on Zr in the pristine 
material and with Sn impurities at temperatures ranging from 200-1000 K. The transfer profiles for Zr(001) HCP-FCC, Zr(100) Step-
Step, Zr(001) Surface-Subsurface, Zr(001) Surface Sn-Subsurface, and Zr(001) Surface-Subsurface Sn are given in Figure 2, Figure 4, 
Figure 6, Figure 8, and Figure 9, respectively. (a) Includes the Zr(001) surface to subsurface transfer with a Sn impurity in the 
subsurface. This transfer process was found to have the highest energy barrier, and as such would be less likely than the other 
transfer processes, leading to (b), where the least likely transfer is omitted. 

Table 5. Calculated diffusion coefficients for T transfer processes on pure and Sn defective Zr at 600 K, as well as in bulk Zr at 600 
K. Diffusion coefficients for T transfer in bulk Zr are from ref. 37.

Transfer Transfer Barrier (eV) Diffusion Coefficient at 600 K (m2s-1)
Zr(001) HCP - FCC 0.27 9.53 x 10-10
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Zr(001) Surface - Subsurface 0.70 5.14 x 10-13

Zr(001) Surface with Sn impurity – Subsurface 0.77 1.58 x 10-13

Zr(001) Surface – Subsurface with Sn impurity 1.47 1.45 x 10-19

Zr(100) Step – Step 0.43 1.30 x 10-10

Bulk Zr Tetrahedral - Tetrahedral 0.23 2.49 x 10-8

Bulk Zr Tetrahedral - Tetrahedral with one Sn 
impurity (0.67% concentration) 

0.60 4.18 x 10-12

It is worth noting that the accuracy of the transfer barriers and 
diffusion coefficients are subject to the limitations arising from 
DFT. Exact methods to treat the exchange-correlation energy do 
not exist. T is known to participate in quantum tunneling, which 
can lead to an underestimation of D by up to 10%.40, 44 In our 
DFT calculations, which were performed at 0 K for classical 
nuclei, the entropic contribution term is neglected for D. At 
finite temperature, the deviation between the calculated and 
observed D could increase with temperature, due to the effects 
of entropy and vacancy concentration. Fortuitously, previous 
DFT studies have found that for the FCC Al system, the enthalpy 
and entropy terms affected by temperature provide an error 
canceling effect.32 This leads to a negligible effect of 
temperature on the calculated diffusion coefficients, which 
were found to be in good experimental agreement.45 
Additionally, this study neglected the effect of the presence of 
multiple T atoms or Sn defects on the surface and/or 
subsurface, which could affect transfer barriers due to 
additional interactions. Lastly, the StSTP requires that there be 
an available binding site for T on the Zr surface. The Zr surface, 
with an average T binding energy of 1 eV at hollow sites, was 
calculated to be a more energetically favored site than the 
subsurface. For the StSTP to occur, the surface T must first 
desorb, overcoming the binding energy to escape the Zr. 
Therefore, this indicates that the calculated StSTP diffusion rate 
may be limited by the T desorption rate, as the T serves as a cap, 
hindering subsurface and bulk T from reaching the surface and 
desorbing. Despite this, the results presented provide initial 
estimates for diffusion coefficients and may be used as 
guideposts for future studies. 

Figure 11. Calculated diffusion coefficients for the subsurface to 
surface transfer processes of T in Zr(001) for both the pristine 
system and ones with Sn substitutional defects. 

Conclusions

Better understanding of the chemical properties of zirconium are 
necessary to reach ultimate performance capabilities in tritium 
production with TPBARs. To this end we have assessed the surface 
chemistry of Zr interacting with T holistically based upon dispersion-
including density functional theory calculations. The relative energies 
of T binding sites on Zr(001), favoring hollow sites, and Zr(100), 
favoring a step site, were determined. The surface-surface transfer 
barriers for T on these surfaces were calculated. Sn substitutional 
impurities were shown to strongly repel the adsorbed T. Possible 
paths for surface to bulk diffusion are proposed, with diffusion being 
more facile on the Zr(001) surface. Our results reproduce both the 
spontaneous dissociation of T2 on Zr and previously calculated 
minimum energy pathways for the transfer of T in bulk Zr. Surface to 
subsurface transfer of T with Sn on the surface produces a similar 
minimum energy pathway to that of the pristine surface. The 
counterpart of this, the transfer from a pristine surface to a Sn 
impure subsurface, produces significant energy barriers for both the 
forward and reverse reactions, indicating subsurface Sn will hinder 
the release of T. A surface-subsurface diffusion coefficient of 5.64 x 
10-8 m2s-1 at 600 K was calculated, with Sn impurities determined to 
reduce this diffusion coefficient by up to 9 orders of magnitude. 
Diffusion coefficients for the reverse absorption of T were also 
calculated and found to be 5.14 x 10-13 m2s-1 at 600 K for pure Zr. This 
work sheds light on T adsorption and absorption mechanics in 
Zircaloy, motivating future research for Zr-based T getters. 
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